Abstract Access to an evaporative cooling system can increase production in dairy cows because of improved thermal comfort. This study aimed to evaluate the impact of ambient temperature on thermoregulation, plasma cortisol, insulin-like growth factor 1 (IGF-I), and productive status, and to determine the efficiency of an evaporative cooling system on physiological responses under different weather patterns. A total of 28 Holstein cows were divided into two groups, one with and the other without access to a cooling system with fans and mist in the free stall. The parameters were analyzed during morning (0700 hours) and afternoon milking (1430 hours) under five different weather patterns throughout the year (fall, winter, spring, dry summer, and rainy summer). Rectal temperature (RT), body surface temperature (BS), base of tail temperature (TT), and respiratory frequency (RF) were lower in the morning (P<0.01). The cooling system did not affect RT, and both the groups had values below 38.56 over the year (P00.11). Cortisol and IGF-I may have been influenced by the seasons, in opposite ways. Cortisol concentrations were higher in winter (P<0.05) and IGF-I was higher during springsummer (P<0.05). The air temperature and the temperature humidity index showed positive moderate correlations to RT, BS, TT, and RF (P<0.001). The ambient temperature was found to have a positive correlation with the physiological variables, independent of the cooling system, but cooled animals exhibited higher milk production during spring and summer (P<0.01).
Introduction
The use of an evaporative cooling system in tropical climates is essential to minimize the impact of high air temperature and relative humidity on dairy cattle performance, including growth, reproduction, and lactation (West 2003) . On the other hand, the return on investment in modifying environments around animals has declined given the increase in energy costs (Collier et al. 2006) . Therefore, the use of such a system must be efficient in increasing milk production.
Genetic progress in milk production is related closely to an increase in metabolic heat increment, which makes cows more affected by heat stress (Kadzere et al. 2002) . Even under excellent management conditions, dairy cows may be exposed to high ambient temperatures, and one of the most common responses of animal to such a stressor is the activation of the hypothalamic-pituitary-adrenal axis (Christison and Johnson 1972) .
Heat-stressed cows exhibit increased plasma cortisol (CORT) levels (Wise et al. 1988) . Under chronic heat stress, however, a decrease in CORT has been observed (Christison and Johnson 1972; Ronchi et al. 2001) . Although some researchers suggest that heat stress increases insulin-like growth factor 1 (IGF-I) concentrations (Hirayama et al. 2004) , others have reported that the release of IGF-I decreases during heat stress (Rhoads et al. 2010) . Furthermore, some studies did not observe differences between heat-stressed cows and animals under thermal comfort (Chaiyabutr et al. 2008; McGuire et al. 1991) .
When exposed to hot ambient temperatures, dairy cows were also found to show increased respiratory frequency (RF) and rectal temperature (RT) (Avendaño-Reyes et al. 2011; Spiers et al. 2004) , body surface temperature (BS) (Spain and Spiers 1998; Martello et al. 2009 ), heart rate (Naunheimer- Thoneick et al. 1988; Zähner et al. 2004) , and sweating rate (Kadzere et al. 2002) to maintain homeothermy. It has been observed, however, that the latter two measurements were not influenced to the same extent as were RT and RF with increasing ambient temperatures (Muller and Botha 1993) .
To avoid intense solar radiation, cows find shelter inside free-stall barns during the hottest hours of the day. However, increases in the number of animals inside the barn results in worse microclimate conditions (Frazzi et al. 2000) . The presence of environmental conditioning systems improves this condition, demonstrating a positive effect on cow performance, such as improved milk production and thermoregulation (Ravagnolo and Misztal 2002; Tapki and Sahin 2006; West 2003) . There is a lack of information, however, on the use of ventilation and cooling systems during the entire year, mainly in countries with a tropical climate.
In this context, the objective of this study was to evaluate the effect of ambient temperature during all seasons on thermoregulatory responses, CORT, IGF-I, and milk production in lactating Holstein cows under an evaporative cooling system.
Materials and methods

Cows and experimental design
The study employed 28 Holstein cows between first and third lactations, with an average milk production of 20 kg cow −1 day −1 . The animals were divided into two groups of 14 cows each, housed postpartum in two pens. One was the cooled group (CG), with an environment conditioning system (fans and misting) under the shade, and the other was the non-cooled group (NCG) with natural ventilation and shade. All experimental cows were milked at 0700 and 1430 hours, and milk production was measured through lactation. The milking routines were constant, with the same person performing all the experimental milking. The following machine parameters were constant throughout the experiment: vacuum of 38 kPa, a pulsation ratio of 60/40, and a pulsation rate of 60 c/min. The cows had free access to water and received total mixed rations (corn silage, corn, soybeans, mineral, and vitamin, according to NRC 2001) at 0730 and 1500 hours.
Housing and cooling system
The experiment was conducted at the FZEA-USP (Faculdade de Zootecnia e Engenharia de Alimentos-USP) Division of Dairy Cattle located in Pirassununga, SP, Brazil (21°80'00″ S, 47°25′42″ W, at an altitude of 634 m). All procedures were approved by the FZEA/USP Ethics Commission under the University of Sao Paulo, Brazil. Two freestall barns were constructed side by side in the northwestsoutheast direction, with a cement floor, and were covered with 3.5-m high-fiber cement roof panels in an open building with natural ventilation in all sides. The feeding trough and the water trough were positioned under the roof, as was the sand bedding for all cows to use at the same time. The cows had unlimited access to a paddock of coast-cross grass without shade.
The cooled area was equipped with axial flow fans (125 cm diameter; 300 m 3 /min maximum airflow rate) installed in the east side along the feed passage. The fans were spaced 3 m apart on either side of the drivethrough feed alley and positioned to provide airflow in the direction of the prevailing winds. The fans were mounted at a height of approximately 2.5 m and angled downward at about 10°from vertical. A set of two fogging lines was mounted above the feed alley and above the bedding. The evaporative cooling system was thermostatically controlled and switched on at 26°C. The two experimental pens were separated by a plastic wall to avoid interference between them.
Weather data An electronic weather station recorded weather variables, including air temperature, relative humidity, and solar radiation (Table 1) . Inside each barn, a black globe thermometer with a data logger located at cow's height in the center area measured the microclimate conditions. From the values of air temperature and relative humidity, the temperature humidity index (THI), a measure of the degree of discomfort or stress on living animals, was calculated (Thom 1959) :
where T is the air temperature (°C) and RH is the relative humidity (%).
Data
Rectal temperature (RT), body surface temperature (BS), internal base of tail temperature (TT), respiratory frequency (RF), and hormonal levels (CORT and IGF-I) were collected during milking at 0700 and 1430 hours on 3 consecutive days (period) in each different weather pattern (autumn: April, May, June; winter: June, July, August; spring: September, October, November; dry summer: December until 15 January; rainy summer: 16 January-28 February). The 3 experimental days were selected as the most characteristic days in each season. Rectal temperature (RT) was collected manually with a clinical thermometer carefully inserted in the rectum with minimal animal disturbance. Body surface temperature (BS) was measured at a distance of 2 m from the animal in the dorsal region using an infrared thermometer model TI-890 (Instrutherm Instrumentos de Medição, São Paulo, Brazil). To obtain TT, the tail of the cows was raised and the thermometer was placed against the skin in the internal surface. Respiratory frequency (RF) was measured by observing costal movements for 1 min and is expressed as movements per minute.
Blood samples were collected on the 3rd day of each period (each 3 consecutive days in each different weather pattern), soon after the end of milking. Blood was collected from the mammary vein in heparinized tubes, placed on ice, and then centrifuged at 4°C and 3,000g for 15 min. The tubes containing plasma were stored at −20°C until CORT and IGF-I determination using an enzyme immunoassay kit (Diagnostic Systems Laboratory, Webster, TX). All samples were re-assayed if duplicates differed by more than 10 %. Inter-assay coefficients of variance (CV) were 9.25 % and 11.4 % for CORT and IGF-I, respectively, and intra-assay CVs were 12.1 % and 12.9 % for CORT and IGF-I, respectively. The kits were validated by demonstrating parallelism curves between standard concentrations and serially diluted samples.
Milk production was recorded daily during all lactation periods.
Statistical analysis
The SAS software package (1998, SAS Institute, Cary, NC) was used for the analysis of all data measured by analysis of variance (ANOVA) based on mixed models, namely, Student's t-test, Tukey-Kramer test, and Newman-Keuls test. Significance was set at P≤0.05, and all values are presented as the mean (μ) and one standard error of the mean (SEM). The relationships between milk production, RT, BS, TT, RF, CORT, and IGF-I levels were evaluated by Pearson's correlation coefficients and regression analysis based on three consecutive days of each weather pattern (fall, winter, spring, dry summer, rainy summer).
The statistical model used the effect of treatment (cooled or non-cooled system), time of sampling (0700 and 1430 hours), and weather pattern (fall, winter, spring, dry summer, rainy summer) on milk production, RT, BS, TT, RF, CORT, and IGF-I as the main factors, and day of sampling and cows as repeated measures. It included all possible interactions among the factors. The model performed for each test is as follows:
were Y ij 0 CORT, IGF-I, RT, BS, TT, RT, and milk production; μ 0 the overall mean; C i 0 effect of cow i (i01, 2, 3, …, 28); T j 0 effect of treatment j (j 0 cooled or non-cooled system); H k 0 effect of sampling time k (k 00700 and 1430 hours); S l 0 effect of weather pattern (l 0 autumn, winter, spring, dry summer, rainy summer); H kSl 0 effect of sampling time k (k00700 and 1430 hours) within season l (l 0 autumn, winter, spring, dry summer, rainy summer); and error ijkl 0 residual variation.
Results
Differences were observed for RT, BS, TT, and RF between samples taken at 0700 and 1430 in all weather patterns, with greater values in the afternoon, as expected (P<0.01).
The mean values of RT of cooled animals were not significantly different from those of non-cooled animals in the morning (P00.48). In the afternoon no significant difference was observed between weather patterns and each season. Body surface temperature (BS) was significantly higher in cooled and non-cooled animals in the afternoon during the rainy summer; BS did not differ for the cooled group during spring. Higher mean values for TT were found during spring and rainy summer, in both morning and afternoon (P<0.01); no differences were observed for CG and NCG.
In the morning, the mean values of RF were higher during the rainy summer in both groups (CG; 35.1; NCG: 37.0), but were not significantly different when compared with the other measurements along the year, except for the lower RF of non-cooled animals found during dry summer (29.8; P<0.01). In the afternoon, when the highest air temperatures were noted, RF was higher for non-cooled animals during rainy summer (P<0.01).
With regard to CORT and IGF-I, no differences were found between the times of sampling (0700 and 1430 hours). Plasma CORT concentrations were higher during winter (P<0.01) for both CG and NCG. Cortisol levels were significantly higher during winter, compared with fall, spring, and summer. No effect of the evaporative cooling system on CORT was observed during the entire experimental period.
The levels of IGF-I showed no differences between cooled and non-cooled animals. IGF-I was higher during spring-summer (P<0.05).
Milk production was influenced by different thermal conditions, with a decrease during warmer months in noncooled animals (P<0.01; Fig. 1) . Table 2 presents the average values for all variables measured in the afternoon (1430 hours). Table 3 presents the Pearson's correlations among physiological variables and weather values (air temperature, relative humidity, and THI). Rectal temperature (RT) showed a moderate and positive correlation to BS and RF (P<0.001) and RT also had a moderate and negative correlation with relative humidity (P<0.001). No significant correlation was observed between RT, and CORT and IGF-I.
Air temperature and THI showed positively moderateto-high correlations to RT, TT, BS, and RF (P<0.01). For this reason, regression equations using THI were carried out to estimate the physiological measurements in different THI values for cooled and non-cooled animals (Table 4) .
Discussion
Although no differences in thermoregulatory responses and plasma CORT and IGF-I were observed between cooled and non-cooled cows, milk production decreased during the warmer months of the year among non-cooled cows.
The greater values of RT, TT, BS, and RF observed in the afternoon are in agreement with the findings of Baccari (2001) and Martello et al. (2009) , indicating the basic circadian thermoregulatory strategy of domestic animals during warmer hours. Although the values observed in the afternoon were higher than those noted in the morning, they were below the upper critical limit, showing no heat stress in any season (Du Preez 2000) . Only during rainy summer did we find RF to be higher for non-cooled animals, which can be explained by the association of high air temperature and high relative humidity. This relationship compromised the heat loss by evaporation, making it difficult for the cows to cool themselves (West 2003) .
Despite RF being the most appropriate indicator of thermal stress, when compared with RT (Brown-Brandl et al. 2005) , the values observed in the present study are between 18 and 60 mov/min, a normal result with respect to cattle under thermal comfort (Andersson and Jónasson 1993; ). Chaiyabutr et al. 2008; Correa-Calderon et al. 2004) . However, some studies have also observed that although THI was higher than 72, non-cooled animals were not under thermal stress (Arcaro et al. 2005; Martello et al. 2004 )-an observation similar to that noted in the present study. Even during warm seasons, the decrease in air temperature at night and the possibility of cattle to leave free stalls to lie outside the barn after sunset could have reduced the heat generated by the facilities, which may have decreased the heat stress, helping to dissipate heat gain during the day, even in a non-cooled barn (Arave and Albright 1981) . Furthermore, THI lower than 64 for at least 6 h was found to decrease the effects of heat stress (Igono et al. 1992) . Confirming this situation, the present study found lower air temperatures and THI even during summer nights.
The present study found the highest CORT concentrations in winter, in agreement with the findings of other authors (Alila-Johansson et al. 2003) . However, weather conditions can also create a stressful situation by increasing CORT levels in blood plasma (Kadzere et al. 2002) . Furthermore, an increase in the metabolic processes observed during early lactation (Mashek et al. 2001) , especially through an increase in dry matter intake, can also occur during lower air temperatures, which could explain the high CORT levels in winter. The CORT levels found in the study can also be related to some positive stimuli, such as milking, which promote an increase in CORT levels even in animals showing a behavior of comfort (Gorewit et al. 1992; Negrão and Marnet 2006; Tancin et al. 1995) .
In stressed animals, some authors observed CORT levels between 4.5 and 15.6 ng/ml (Ronchi et al. 2001; Wise et al. 1988) , and higher values ranging from 21.5 to 43.0 ng ml −1 (Chaiyabutr et al. 2008; Christison and Jonhson 1972; Du Preez et al. 2000) . Despite the absence of an increase in thermoregulatory values, such as RT and RF, which could exhibit heat stress in animals, the high levels of CORT observed in this study are in accordance with those previously reported. Some authors observed a photoperiod effect on CORT (Dahl and Petitclerc 2003) ; similar results could be observed in the present study.
The maximum black globe temperature measured under the cooling system remained high enough (BGT032.3 during summer) to affect milk production, which is in accordance with the findings by Chaiyabutr et al. (2008) and Hahn and Mader (1997) .
The present results show no differences in the levels of IGF-I between cooled and non-cooled animals (Chaiyabutr et al. 2008; McGuire et al. 1991) . However, a decrease in milk production in non-cooled cows during the warmer months indicates that the effect of an evaporative cooling system on increasing milk production is not dependent on the activation of IGF-I (Collier et al. 2006) .
Some studies have reported that IGF-I levels are higher in cattle during spring and summer when compared with winter, according to our study (Collier et al. 2008; Dahl et al. 1997; Kendall et al. 2003) .
In the present study, when IGF-I levels were analyzed separately during dry and rainy summers, lower values were observed during rainy summer, when maximum black globe temperature was higher inside the barn, compared with dry summer. In this case, climatic conditions during rainy summer may have contributed to a decrease in IGF-I concentrations, especially in non-cooled animals. The effect of heat stress on reduction in dry matter intake is well known (Collier et al. 2004; McGuire et al. 1991; Portugal et al. 2000) , and a decrease in energy balance is associated with feed intake (Collier et al. 2008) .
As mentioned by Kadzere et al. (2002) , Berman (1968) reported reductions in metabolic rate of about 20 % from winter to summer. These reductions were not associated with lower productivity in lactating cows. This finding suggests that, under normal production conditions, metabolic and insulative adaptations to warm climates, such as adaptive changes of tissue and hair conductance relating to the non-evaporative heat loss to air temperature (Berman et al. 1985) , and their seasonal changes, may be sufficient to maintain normal productivity in an environment without thermal comfort (Webster et al. 1976; Weldy et al. 1964) .
During sudden and prolonged heat stress, as is often the case in some days like summer during the cold season, when temperatures rise up to 35°C and there is strong sunlight, or even on very hot days during the spring or a typical summer, cows are less likely to acclimatize (Kadzere et al. 2002) . Significant decreases in feed intake result in drops in milk production, and thermoregulatory responses, such as increases in RT and RF, punctuate such thermal stress conditions (Avendaño- Reyes et al. 2006; Ronchi et al. 2001) .
As observed in the present study, animals can adapt to hot environmental conditions by gradual acclimation (Prosser and Brown 1969) , and it appears logical to confirm that high-producing dairy cows acclimate to gradual warming during the year (Collier et al. 2006) . Nevertheless, based on the average air temperature during the day, it is possible to assume that there was no prolonged period of heat stress during the experimental year.
In conclusion, an evaporative cooling system is important to maintain milk production throughout the year. In a tropical climate, however, as observed in this study, its use is not necessary during fall and winter, when temperature is low all day long. For a better understanding of the changes in CORT and IGF-I during the year, feed intake must be measured, and night blood samples must also be taken to observe the circadian rhythm. 
